Nitrogen-starved Plectonema boryanum 594 cultures flushed with N2/CO2 or A/CO2 (99.7%/0.3%, vol/vol) exhibited nitrogenase activity when assayed either by acetylene reduction or hydrogen evolution. Oxygen evolution activities and phycocyanin pigments decreased sharply before and during the development of nitrogenase activity, but recovered in the N2/CO2 cultures after a period of active nitrogen fixation. Under high illumination, the onset of nitrogenase activity was delayed; however, the presence of 3-(3,4-dichlorophenyl)-1, 1-dimethylurea (DCMU) eliminated this lag. Oxygen was a strong and irreversible inhibitor of nitrogenase activity at low (>0.5%) concentrations. In the dark, low oxygen tensions (0.5%) stimulated nitrogenase activity (up to 60% of that in the light), suggesting a limited but significant respiratory protection of nitrogenase at low oxygen tensions. DCMU was not a strong inhibitor of nitrogenase activity. A decrease in nitrogenase activity after a period of active nitrogen fixation was observed in the N2,CO2-, but not in the A/C02-, flushed cultures. We suggest that this decrease in nitrogenase activity is due to exhaustion of stored substrate reserves as well as inhibition by the renewed oxygen evolution of the cultures. Repeated peaks of alternating nitrogenase activity and oxygen evolution were observed in some experiments. Our results indicate a temporal separation of these basically incompatible reactions in P. boryanum.
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Stewart and Lex (17) discovered that the nonheterocystous, filamentous, blue-green alga Plectonema boryanum 594 would fix nitrogen under anaerobic or microaerobic conditions. In the light, the nitrogenase activity of their cultures was more than 70% inhibited by 2% added oxygen and more than 95% inhibited after 2 h in the presence of 3 x 10' M 3-(3,4-dichlorophenyl)-1, 1-dimethylurea. It had been shown previously (15, 18) that nitrogenase activity in other blue-green algae was enhanced by oxygen tensions lower than atmospheric tension. These findings, together with discovery of aerobic nitrogenase activity in the nonheterocystous, filamentous, marine, blue-green alga Trichodesmium (6, 7) and in the unicellular blue-green alga Gloeocapsa (23), called into question the previously (8) proposed theory that heterocysts are the sites of nitrogen fixation.
We have presented evidence recently that the heterocysts are the main, probably exclusive, sites of nitrogen fixation in Anabaena cylindrica cultures grown under air or nitrogen (20) . Heterocysts function not only in protecting the oxygen-labile nitrogenase against atmospheric oxygen, but also as a means of separating the nitrogenase and photosynthetic oxygen evolution reactions. We have now investigated the nitrogenase reaction of P. boryanum 594 to elucidate the relationship between nitrogenase activity and photosynthesis in a nonheterocystous blue-green alga. A Klett-Summerson colorimeter with a 660-nm filter was used to determine cell density (1 Klett unit = 0.002 OD). Cells grown on NaNOs were concentrated 100-fold by centrifugation; then chlorophyll a concentrations were determined, after extraction with 80% acetone, by using the MacKinney (13) absorption coefficient. Protein concentrations were determined colorimetrically, with a bovine serum albumin standard, using Folin reagent by the method of Drews (5) . One OD unit corresponds to 4.25 Ag of chlorophyll a per ml or 370 Ag of protein per ml.
MATERIALS AND METHODS
Nitrogen-starved cultures had about half these chlorophyll or protein concentrations.
Acetylene reduction and hydrogen evolution assays were carried out by injecting 2 ml of P. boryanum cultures into calibrated, serum-stoppered, 6.5-to 7.5-ml micro-Fernbach flasks (except for Fig. 4 ) which contained all additions and gases indicated. Acetylene was always 10.5%. To avoid air contamination, cells were rapidly transferred from culture flasks to 125-ml, serum-stoppered Erlenmeyer flasks which were continuously flushed with A/CO2. Samples for the assays were then withdrawn from these flasks with a syringe and, after discarding the first few drops of culture which may have been exposed to the atmosphere, were rapidly injected into the assay flasks. The flasks were then immediately vented to atmospheric pressure and incubated, with shaking, at 30 C in special holders in a Warburg apparatus illuminated from below with 6 x 10' ergs per cm2 per s. Dark assays were carried out in aluminum foil-wrapped flasks. The assays were terminated by injection of 0.3 ml of 25% trichloroacetic acid. Ethylene and hydrogen determinations were carried out as described previously (3, 20) , except that a Varian 1400 gas chromatograph and a Hewlett-Packard 5700 A gas chromatograph were used in the ethylene and hydrogen determinations, respectively. Oxygen evolution was measured with a YSI 4004 Clark oxygen probe, installed in a 3.0-ml Plexiglas container, at 2 x 10' ergs per cm2 per s at room temperature and with magnetic stirring. All chemicals used were reagent grade. Acetylene was prepared from CaC,. DCMU was a gift from the DuPont Co.
The A/CO, (99.70%/0.3%, vol/vol) mixtures were obtained from L and V Industrial Gas Co.; all other gases were prepared by the Liquid Carbonic Co. and mixed, as required, with a Matheson gas mixer. Light intensities were measured with a Kettering Radiometer (model 68).
RESULTS
Nitrogenase activity under nitrogen and low illumination. P. boryanum 594 exhibited nitrogenase activity within a few hours after the switching of nitrogen-starved cultures grown on air/CO2 (99.7%/0.3%, vol/vol) at 2 x 104 ergs per cm2 per s to N2/CO2 (99.7%/0.3%, vol/vol) and 5 x 103 ergs per cm2 per s. (Fig. 1) . Acetylene reduction, measured under argon at 6 x 10' ergs per, cm per s, reached maximal rates of around 0.4 nmol of ethylene per ml per min within 6 to 7 h (Fig. 1) . Maximal rates of nitrogenase activity ranged up to 0.9 nmol of ethylene per ml per min in other experiments, depending on the cell density of the culture (see above). Rates of oxygen evolution by the cultures, measured at 2 x 10' ergs per cm2 per s with an oxygen electrode, decreased more than 90% during the appearance of nitrogenase activity, reaching a minimum during maximal nitrogenase activities (Fig. 1) . Oxygen evolution rates then slowly increased, whereas nitrogenase activities remained at their maximal values. When the rise in oxygen evolution leveled off, nitrogenase activity started to decline, loosing over 80% of the maximal rates within 16 h ( min) at a light intensity of about 5 x 103 ergs per cm2 per s (with neutral density filters) were usually either the same or higher than those assayed at 6 x 104 ergs per cm2 per s. Oxygen evolution, on the other hand, was markedly inhibited by lowering the light intensity. This suggests that under low illumination the cultures were actively fixing nitrogen but evolving little oxygen during the period of maximal nitrogenase activities. Cyclic photophosphorylation operating under low illumination could fulfill the energy requirements of the nitrogenase reaction under these conditions. Stewart and Lex (17) used a different procedure for the development of nitrogenase activity (involving transfer of cells grown in complete ASM medium [9] to fresh medium free of combined nitrogen and sparging with oxygenfree gas mixtures), which we did not find as convenient or reproducible as our method. We found, however, a similar nitrogenase activity peak ( Fig. 1) to that described by Stewart and Lex. These workers also observed a decrease in the phycocyanin-to-chlorophyll a ratio preceding the appearance of nitrogenase activity, followed by an increase in this ratio after nitrogenase activity reached maximal rates. We made similar observations. Eight hours after the start of the nitrogenase activity period, the yellow cultures gave an absorption spectrum which lacked the 630-nm phycocyanin peak and showed a decreased chlorophyll a peak at 680 nm. The absorption peaks at 630 and 680 nm increased to the normal values of NO-grown cultures after a period of active nitrogen fixation.
Development of nitrogenase activity under various conditions. Samples (300 ml each) of a nitrogen-starved Plectonema culture grown under air/CO2 were transferred into 500-ml flasks for the development of nitrogenase activity under six different incubation conditions (described in the legend of Fig. 2) . In all the cultures without DCMU (Fig. 2, cultures a, c , e, and f), rates of oxygen evolution, measured at a light intensity of 2 x 104 ergs per cm2 per s, decreased from 6.2 nmol of 02 per ml per min before transfer to less than 1 nmol of 02 per ml per min 3 h after transfer. In the presence of 5 x 10-' M DCMU, there was no oxygen evolution. Oxygen evolution rates measured at 5 x 103 ergs per cm2 per s (the illumination of cultures e and f) were considerably lower than those measured at 2 x 104 ergs per cm2 per s and were undetectable 3 h after transfer. Therefore, apparently only cultures a and c (illuminated with 2 x 104 ergs per cm2 per s) were actually evolving oxygen 3 h after the transfer of the nitrogenstarved cultures to oxygen-free gases. These cultures (a and c) exhibited a lag of about 9 h in the appearance of nitrogenase activity ( 2, cultures a and c), whereas the cultures with DCMU (Fig. 2, cultures b and d) or under low illumination (Fig. 2 , cultures e and f) exhibited significant nitrogenase activity within 3 h after transfer.
All cultures gassed with nitrogen (Fig. 2,  cultures c, d , and f) exhibited a decline in nitrogenase activities and regained green pigmentation (culture c less than cultures d and f) after a period of maximal nitrogen fixation rates. The cultures gassed with nitrogen without DCMU (cultures c and f) also regained their capacity for oxygen evolution after a period of active nitrogen fixation (Table 1 ) and were the only ones which increased in cell density. Culture c exhibited a second peak of high nitrogenase activity (2.55 nmol of C2H4 per ml per min) accompanied by low oxygen evolution rates (0.6 nmol of 02 per ml per min) and yellowing of the culture 15 h after the disappearance of the first peak. Such a second peak of nitrogenase activity was observed in several experiments and appeared to require a period of active photosynthesis. All cultures gassed with A/CO2 (Fig. 2,  cultures a, b , and e) remained yellow and maintained high nitrogenase activities and low oxygen evolution rates throughout the experiment and even after 45 h.
The effect of DCMU on acetylene reduction 15 h after the start of the nitrogenase activity period is shown in Table 1 . The cultures under high illumination were inhibited about 30%, whereas those under low illumination showed little or no inhibition. We also observed 30 to 50% DCMU inhibition during the period of declining nitrogenase activity in cultures incubated under low illumination and nitrogen. DCMU may also markedly increase rates of nitrogenase activity under some conditions, particularly during long assays (see Fig. 4 ). Nitrogenase activity by P. boryanum is DCMU insensitive during most of the nitrogenase activity period.
The molar ratios of hydrogen evolved (in the presence and absence of 2.5% CO) and ethylene produced (without CO) under argon during assays of P. boryanum cultures were approximately one ( Fig. 2; Table 2 ). However, when assayed under nitrogen in the absence of CO, hydrogen evolution was inhibited about 50% (2.5% CO restored the original value; Table 2 ). This inhibition by nitrogen, although less than expected, and the insensitivity to CO are characteristics of the hydrogen evolution reaction of nitrogenase (4 (Fig. 3) . Nitrogen-gassed cultures yielded similar oxygen inhibition curves. These results confirm those of Stewart and Lex (17) . Little difference was found in these oxygen inhibition curves for assay times of 5 or 30 min; therefore, oxygen inhibition in these cultures is rapid. When assayed in the dark, acetylene reduction was stimulated by small amounts (0.5%) of added oxygen (Fig. 3) . Maximal dark activities were up to 60% of those in the light. In the absence of added oxygen, P. boryanum cultures, unlike those ofA. cylindrica (20), consistently showed substantial acetylene reduction rates in the dark (Fig. 3) . The possibility that trace amounts of oxygen were introduced during the assay procedure cannot be ruled out although great care was taken to prevent this from happening (see above). Acetylene reduction in the dark, like that in the light, was inhibited more than 90% with the addition of 6% oxygen. Oxygen inhibition curves of hydrogen evolution (in the absence of CO) were similar to those of acetylene reduction.
Acetylene reduction activity of 6-ml volumes of a nitrogen-gassed Plectonema culture was followed for 1 h in the presence of various amounts of added oxygen. The assay flasks (14 ml total volume) were then flushed with NJ CO2, and, after injection of 10.5% acetylene, nitrogenase activity was followed again (Fig. 4) . In this culture, which was assayed 24 h after transfer to oxygen-free gassing for development of nitrogenase activity, DCMU stimulated acetylene reduction after about 40 min, suggesting that the oxygen evolved during the assays builds up to inhibitory concentrations. The lack of recovery of nitrogenase activity after reflushing the flasks with an oxygen-free gas mixture (Fig. 4) indicates that nitrogenase activity is irreversibly inhibited by the addition of small amounts (0.8 and 1.7%) of oxygen during the assays.
DISCUSSION
We suggest that the decrease of oxygen evolution activity during the development of nitrogenase activity is related to nitrogen starvation which results in an accumulation of carbohydrates and a deficiency of photosynthetic pigments, principally phycocyanin. This contention is supported by studies of the effect of nitrogen starvation in blue-green algae (2, 11) showing a decrease of phycocyanin, the accessory pigment of photosystem II. Susor and Krogmann (19) found that the absence of phycocyanin in cell-free preparations of blue-green algae depressed the Hill reaction activity at limiting light conditions. This could explain the lag in the appearance of nitrogenase activity under high illumination (2 x 10' ergs per cm2 per s) because oxygen evolution can still proceed in the nitrogen-starved cultures under these conditions. The decrease in oxygen evolution and the constant purging of the cultures with an oxygen-free gas mixture diminish oxygen tensions sufficiently to allow nitrogenase Nitrogenase activity in P. boryanum is strongly inhibited by low concentrations of added oxygen (17; Fig. 3 and 4) . The respiratory capability of this organism (14) provides some protection at low oxygen tensions as indicated by the increase in dark nitrogenase activity by 0.5% added oxygen (Fig. 3) . However, the rapid and iffeversible character of nitrogenase activity inhibition at oxygen tensions well below atmospheric (Fig. 4) indicates only a limited capability of this respiratory protection mechanism. P. boryanum nitrogenase is as oxygen labile in vitro as that of anaerobic bacteria (10) .
The photosystem II inhibitor DCMU can give paradoxical results. Thus, under some conditions it results in stimulation of nitrogenase activity (Fig. 4) , whereas under others over 95% inhibition has been reported (17) . Stimulatory effects of DCMU can be explained by an inhibition of evolved oxygen which, when it accumulates in a small sealed vessel, decreases nitrogenase activity. In the case of nitrogenase activity in cultures incubated under high illumination (Table 1 ) or in the period of declining nitrogenase activity in cultures incubated under nitrogen, a significant amount (about 30%) of DCMU inhibition was observed. The strong inhibitory effect reported by Stewart and Lex (17) could be attributed to the long time of the assays and the particular conditions of their cultures. In general, however, DCMU inhibition is small or absent, and most of the reductant required by nitrogenase is probably provided by dark reactions from carbohydrate reserves. The high nitrogenase activity in the dark (Fig. 3) , similar to that observed for A. cylindrica (20) , suggests that dark reactions can supply both the reductant and adenosine 5'-triphosphate needed by nitrogenase. In the light cyclic photophosphorylation could also supply adenosine 5'-triphosphate. A decline of nitrogenase activity occurred in the cultures gassed with N2/CO2 (17; Fig. 1 and   2 ) after a period of active nitrogen fixation. We suggest resumption of oxygen evolution and substrate exhaustion as the important factors in this decline. Since a decline of nitrogenase activity was observed even in the presence of DCMU and since in the cultures without DCMU oxygen evolution resumed before nitrogenase activity declined ( Fig. 1 and 2 ), oxygen evolution may be only a secondary factor in the decline of nitrogenase activity (except, possibly, under high illumination). Cultures incubated under argon continue to exhibit nitrogenase activity for many hours (over 45) unabated even in the presence of DCMU (Fig. 2, cultures a, The central problem of nitrogen fixation in the oxygen-evolving blue-green algae is the mechanism for protecting the nitrogenase reaction from oxygen. In a model system consisting of spinach chloroplast preparations, ferredoxin or flavodoxin, and A. vinelandii nitrogenase, the oxygen produced by photosynthesis was enough to inhibit nitrogenase activity by 90%, unless an oxygen uptake system was present (J. Benemann, unpublished data). Our results suggest that nitrogenase activity by P. boryanum cultures in the presence of atmospheric or photosynthetic oxygen is limited by nitrogenase inactivation and reductant oxidation. It is unlikely that significant nitrogenase activity can proceed in the presence of even 10-' M (1%) intracellular oxygen tensions. We conclude that in P. boryanum the only oxygen protection mechanism is a limited respiratory uptake of oxygen and that a temporal separation of the nitrogenase and oxygen evolution reactions exists in this organism.
The function of heterocysts in protecting nitrogenase from oxygen and in spatially separating the basically incompatible nitrogenase and photosynthetic oxygen-evolution activities has recently been discussed by us (20, 21) and previously by others (see 16 and 22 for recent reviews). Our results with the nonheterocystous alga Plectonema support the heterocyst theory of nitrogen fixation (8) by emphasizing the need for nitrogenase to be protected from atmospheric oxygen and separated from photosynthetically evolved oxygen. However, it also suggests that vegetative cells of heterocystous blue-green algae might develop nitrogenase activity under strict anaerobic conditions in nitrogen-starved cultures if nitrogenase biosynthesis and heterocyst development are not genetically linked.
